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Abstract 


rite goals "I lli«* program reported here ttcrt 1 two fold: to demonstrate that a 
5-meter-dfaineter. f irlahle, conical reflector antenna utilizing a line source fee<l 
can In' fabricated .‘ilizing compusiti materials and prove th.it the antenna can 
function inechanicalh and electric-alb as prototy|x t liulit hardware. The design, 
analysis, and testing of the antenna are described \n UK efficients of 559f at 
8.5 (Hi/ and a surface erroi of O.fM min mis were chosen as basic design require- 
ments. Actual test me isurcments yielded an efficiency of 53 c /< f‘)77 dlf gain! and 

a surface error of b.fil min rim Atmospherically induced corrosion of the reflector 
mesh resulted in the If I'' performance degradation. 

An assessment of the antenna as compared to the current state-of-the-art technol- 
ogy was made. This assessment included cost, surface accuracy and UK perfor- 
mance. structural and mechanical characteristics, and possible applications. 
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Five-Meter-Diameter Conical Furlable Antenna 


I. Introduction 

The* most recent antenna development activity at JPL 
Ii.is Ik'cii directed toward the conceptual development, 
mechanical design, fabrication. and testing of a 5-meter, 
flightlikc. furlahlc, novel conical reflector antenna as 
differentiated from the classical parabolic reflector an- 
tenna. The antenna configuration selected for develop- 
ment uses a line source feed for radio frequency RK) 
operation at X-band, 

There are a numlier of space systems that either re- 
quire or could benefit from the availability of large- 
aperture spacecraft-mounted antennas. For example, 
outer planet and planetary missions beyond 1980 1985 
will require substantially increased communication capa- 
bilities 1 1*1 . studies of \ VS.\ mission models indicate that 
communicatio equirements associated with exploration 
of the outer , .anets require antennas up to 30 meters in 
diameter Maximum si/e constraints for current and pro 
jected launch vehicles including the shuttle, limited to 
about f meters, necessitate the use of space-deployable 
or space-assembled antenna structures Ret. 1 Since the 


projected deep spate applications will be for unmanned 
missions self -deployable antennas are needed 

For a number of years JPL has been investigating ad- 
vanced concepts tor antenna structures with respect to 
identification and delineation of the technology required 
tor development of large furlable antennas in the 5- to 
30 meter-diameter range \chicvements of the program 
have been reported in Refs. 1 If* The present report adds 
to this series. While the development of large, furlable. 
lightweight antennas throughout industry has been io- 
nised on parabola antenna reflectors 1 1 *1 . efforts have 
been directed toward new configurations involving singlv 
curved, conical main reflectors (Refs. IT. IS . The primary 
impetus lor this approach is the elimination of some of 
the basic mechanical problems associated w itb the double 
curvature ol the paraltolokl. 

From 1970 197f*. Jl’l developed three basic concepts 
the (Gregorian the quadrcflex and the line source feet! — 
to the point o' model fabrication and III' testing at fre 
queiicies up to \ band Table I). 


JPL TECHNICAL REPORT 32 1604 


1 


T able 1. Summary of conical anfanna development at JPL 
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Preliminary HI' test results ol tin- uoutnrLihlc Tfffl-m 
line source fei*d model were very promising. tin- mechan- 
ical configuration displayed advantages over tin- (Irr- 
gorian and quadrilles antennas (Ret. H). Therefore, tin* 
line sonree fc»*d eoneept was chosen to demonstrate 
conical antenna perlonnance. and a decision was made 
to design, fabricate, and test a J-m-diameter turl.ilile 
I hide like model. 


II. Program Objectives 

I lie general program objectives were to demonstrate 
that (1) a 5-in inrlahle conical antenna utilizing a line 
source feed could be fabricated utilizing comjrositc ilia 
terials. and (2 the antenna could function mechanic. ills 
and electricalb as a protot\|>e flight hardware miMlel. To 
meet these program objectives. a set of design objectives 
and criteria was established. These criteria were int aided 
to he compatible with the anticipated reipiireme its of 
missions ranging from long-term Kartli orbits to oi.‘**r 
planet missions 

\ minimum operating Hi' efficiency of 559f at \-band 
frequencies was chosen to be commensurate with deep 
space mission requirements. With efficiency and fre- 
quency as the starting point, design factors such as size, 
cost, surface error. HT blockage, weight, mechanical relia- 
bility. etc., were budgeted according to their participation 
m the overall HP performance*. The specific design criteria 
used for the 5 in conical antenna development arc- shoe n 
in Table 2. 


Table 2. Design criteria for 5-m conical antenna 


Design eundillon 

Criteria 

Met li.mu al 


Depleted diameter 

5 ni 

Drploxi-d length 

4 ni 

Purled diameter 

1.5 in 

Mass 

17 kg 

Surf.Hr tuirruiH t* 

0 (> i mm rms 

teed alignment 

• 0.2 cm 


i translation ) 
0(11 rail 


p.lectricul 


PiequeiK V 

\ fund (H.5CH*) 

( l|M'ialmg ell n iens s 

51% 

Cain 

49.8 dH 

PmI 

Line sonree 

Kns irsHiinenlal 


Strueliiral loails 

Laum li/d< plus mi nl 

Natural frrc|Mi iu > 

11 | 11/ tit |l|o\ fi ll 

12 11/ furltil 

I'herinal 

1 1 to 1«7 K 


PimctionalK the antenna was designed to jierforni 
hotli mechanic. ills and electricalb as prototype (light 
hardware. However, certain compromises made to mini- 
mize fabrication costs, included many structural liftings 
and mechanisms that wen* heavier than state-of-the-art 
lliglil liardw ale hc< ause it w as less i ostly to machine parts 
with ample wall thicknesses and reasonable tolerances. 
\dditionally. no attempt was in do to provide flight- 
quality hardware surface finishes or purposes of thermal 
control. 

III. Antenna Description 

I lie 5-m hirlahlc antenna employs a conical main rei lec- 
tor and a line source feed located along the axis of the 
cone (Pig l). The conical reflector is made of a metallic 
mesh knitted from silver-plated beryllium copper, and is 
supported at its small diameter by the huh structure. It is 
also supported at its outside perimeter by a series of ribs, 
bowstrings, and spokes. The bowstrings are highly ten- 
sioned cables supported by the ribs and form the cone 
generatrices to control the tendency ol the tensioned mesh 
to bulge inward toward the cone axis. The ribs emanate 
Irom the huh structure and react the tension in the bow- 
strings The spokes, which run from the outer tip of each 
rib to the outer end of the line source feed, are adjustable 
and locate the outer periphery of the mesh reflector on 
the desired cone. 
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Fig. 1. Five-meter tunable antenna components 

Tin* Im\u geometry nr angle of tin- conical reflector is 
controlled l>y the triangle formed !»>• the spokes Imu ■ 
strums and teed sii|>|)ort structure located along (lie axis 
of tlie antenna. These structural elements were all con- 
structed of Kexlar W/e|x>sy composite, which tniniini/es 
the thermal distortion of this basic geometry. That is. al- 
though changes m the legs of the triangle will slightly 
alter the si/e of the antenna, the cone angle will remain 
constant. 



Ihe ribs, lunged from the huh structure, form a cage 
in the furled configuration to contain the mesh (Fig. 2). 
The rilis are furled and unfurled i deployed) In a four-bar 
linkage mechanism mounted on the Imh structure . Front 
and side views of the deployed configuration are slioxvu 
in Figs. 3 and -I 

IV. Design 

A. Design Considerations 

The mechanical factors that directly affect antenna RF 
performance for a given feed efficiency include 

(1) Reflector surface quality. 

(2) Feed system mechanical ahgnir ’lit 


Fig. 2. Five-meter conical antenna in furled configuration 

(3) RF transmission blockage h> structure. 

1 4i Thermal stability 

The surface quality ni turlahle reflector antennas using 
a f lexihle mesh is a function nl the sup|xirt configuration, 
the tension field in the mesh, and eltaracl eristics of the 
mesh used The critical parameters for the reflector that 
were determined from analysis include the immlrer of 
ribs, die tension in bowstrings tliat snp|x >rt die mesh, and 
tin- circumferential and radial tension in the mesh. 

The structural bloc kage and mechanical alignment of 
the antenna feed sy stem are dependent on the mechanical 
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configuration used .uni tin- HI' transperencv of tin- ma- 
terials list'd, Tw.MliH.-mit st.iut.iral configmations were f, « 4 Side view of deployed * meter conical antenna 

ev .dilated lor supporting (hr lilt.' sour..' feed, an. 1 evcral 

different composite nut. -rials w. rr runsi.l. i.-.l ' membrane or mesh stretched to torm a coni, a! shape. 

r.'.piircs circumferential tension f to rliminati' wrinkling 
I lie tln iin.il stability ot tin- eiitirr antenna structure is and puckering and to provide tor thermal expansion 
dc|N'iident on the structural configuration, the service However, this tension causes the mesh to how inward 

environment an.l the thermal |>ro|)crtics ot the materials toward the cone axis, resulting in a lampshade shape 

used tor construction, l or the design ot the antenna a 3 and Ref. 9 1. 

worst-case thermal cm ironmeiit was assiinn d. i e.. a deep 

space trajectory away from the Sun, symmetric solar I .ampshading can Ik- minimi/cd by increasing the 
illumination, and nonsymmetri. local heating from a mesh radial tension / to very high levels. A tension ratio 

ra.lioisoto|)e tliennoi'lectric generator RTG). 


B Reflector Surface Quality 

For a given geometry, feed, and wavelength, the abso 
lute gain ot an antenna is limited by the diameter of the 
rellector uid the mis siirla.e deviation from the ideal 
surface Ret. 19 Practical reflectors do not have perfect 
surfaces The surface is a function ot the nuinlier of ribs, 
bowstrings, and forward sjmkes that hold the mesh re- 
tlecting surface to a shape closely approximating the de 
sired conic* I surf ice. 




\ 

A 

\\ 


V-- 



Fir 5. The "lampshade’' effect of mesh 
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T/l ol 2<MI to I would In- ir<|mrn! to m ike tin- mesh sur- 
fair sufficiently conical However T/l in excess ol 4 to I 
produces wriiiU-i in tin- mr-sh. 

To |irovnli* tin- high r.uli.il tension requited. |irrlo.uli-tl 
miIi.iI cables, i .tilt «l UmitriiiKi, were used. I In limit 
tension In. id ot tin- iMiwxtringx is reacted by tin* rilis acting 
.is u column Tin- bowstrings an- placed on tin- inside 
vurface ol tin- mesh so lli.it tin- tendency o| tin- mitli to 
I him inward avoids tin- necessity ol .itt.u liing tin mrsli to 
till- low strings I In- ipukr t«*iision .mil r.uli.il tm-sli tension 
an- Iiiiii|m-iI together to product* an average radial tension 
usi'd lor calculating tin- average inward bowing ol the 
mesh. 

Tin- l•lllllllllllll circumterenti.il ti-nsion required was 
estalilislietl by the ri-ipiiretnent that tin- Ml-' testing on the 
antenna was to Im- perfomu-d with the conical axis hori- 
zontal in a 1 u In-Id A conical mesh under the iniluence 
ol gravity with its axis horizontal tends to assume the 
sha|M- show n in Fig. 6. 

That portion ol the niemliraiie alxuve the horizontal 
axis tend* to lainpshade . the |mrtiou helms tends to 
lampshade less, exen •* extent that it may assume 
tin- S-curxe shown ; hang completely below the desired 
cone surface. Since the s|mhes are inside the cone surface, 
they cannot control the memhrane it it hangs outside the 
desired cone Although the mesh could have been tied to 
the spokes, this \x as considered an undesirahle complexity 

t he minimum circumferential tension I in the mesh to 
avoid outxvard bulging ol the mesh in a I-g lield in the 
Itorizon* d |Hisition is given hy i Rel 20i 

WD 

-mm m .* 


where 


l - ininiinum cirnunferential tension 



/— CONE AXIS 

/ 


OXAyitV MUD 

. 


Fig b Effect ol gravity on conical mnh in 
horizontal position 


was chosen empirically as providing the I rest compromise 
la-tween the conflicting requirements ol giving high 
radial tension and minimizing wrinkles m the mesh 

A FORTRAN computer program < OMI Sll Met 20 
m.is de\elo|a-d to calculate tin- surface shape of a s' died 
axisymmetric mesh liounded by two circular rings, con 
centric and pcr|>cndicular to a ccnimon axis. Inputs to the 
program inc lude mesh weight per unit area, circumferen- 
tial and radial tensions, niimhc r ol I»om strings, Imiw string 
tension and the g-lo.id parallel to the coin- axis. 

AA ith the radial and circumferential tensions / and I 
and the cone dimensions fixed < < >\ 1 1 Sll seas used to 
calculate tin- nns surlac-e deviation due to lainpsliading 
as the uuinlN-r ol Inixx strings and how siting tension were 
varied. The results ol this parametric studs are plotted in 

rig 7 

The use ol Inixx strings forces the mesh to form planar 
facets lietween adjacent Ihim strings These facets form an 
approximation ol a true conical surface. This effect is 
additive to the surface deviation due to latnpshaclmg and 
is computed as 


D r 180 j 

mb,.,., = — I 1-cos— J 


cos « 


\V “ mesh weight |N-r unit area 


where 


l) * antenna aperture 

Based on a mesh weight of 0.36 N/m (0.0075 Ib/ft . the 
minimum I is 0.009 N/c-m (0 005 Ih/in To provide a 
conservative margin against the "sagging" phenomenon 
and to minimize wrinkles and thermal ellects. a circum- 
ferential tension of OOIS \ cm (0 010 lb in 1 was em- 
ployed. A radial tension of 0.036 N cm (0.020 lb in.) 


I) * antenna aperture 
N * iiumlier of bowstrings 
h = hall angle of cone 

Tlie nns surf.u dev iation due to fac eting is also show n in 

Fig. 7. 
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Fig 7 RMS urfare jfviation a (unction of 
bowstring parameters 


Tin- spt-cilicd surface deviation lor the antenna was 
U.fi I mm 0.025 in 1 mis under the most adverse thermal 
environment. F.x|x*rience with previous conical antennas 
indicated that lahrieation and alignment errors were 
minor compared to the inherent geometric errors of lamp- 
shading and faceting. Then mi. . 0.50 nim 0.020 in.' rms 
was allocated lor the combined effects nt lanipshading and 
faceting. Krom Fig. 7 it ia 1 In .een that the minimum 
iinmher of ribs required to attain 0.50 mm (0.020 in.) rms 
is approximateh 53, with a bowstring load of KKK) N 
223 lb). However. 00 rib:, were chosen and the 0.50-mm 
(0. 020-iu reis surface deviation was achieved with a 
moderate more acceptable. 100 \ (22-lb 1 bow string load. 

C. Bowstrings, Ribs, Spokes 

The bowstrings are tensioned cables whose main func- 
tion is to shape the reflector mesh to the desired conical 


surface as closely as jxissihlc. In addition, the intersection 
ol the bowstrings and spokes locates the outer periphery 
of the reflector ami establishes the desired cone angle 

The primary design criterion lor the bowstrings is the 
tension load when the antenna is fully deployed, since the 
bowstrings are slac k in the lulled (stowed) configuration. 
Additional design criteria were low cost minimum weight, 
creep resistance, and .1 low coefficient of thermal expan 
simi compatible with the rest ol the structure. I'rethaiic 
impregnated kevlar/4M. an olf tbe-sbell material in liber 
bundle lot in. satisfies! these criteria. 

The spokes originate at the top of the Iced siip|)ort 
structure and connect to each lib tip (Fig. I). Adjusting 
the length of each spoke causes the resp»*ctive rib to bow 
until the rib tip lie . 011 the desired conical surface, lake 
the Ixnv strings, the spokes are slack in the Mowed condi- 
tion and the design loading criterion occurs in die de- 
ployed configuration. An additional requirement is that 
the spokes lx* as small and as III- -transparent as possible 
since they lie* directly in the microwave path of the 
antenna. 

The ribs arc tubular memlx*rs that react the tensile 
1 Is ol the Ixiw strings and s|xikes in the deployed con- 
figuration. The bowstring hud puls compression in the 
rib plus a small amount ol bending due to eccentricity; 
the spoke load puts bending on the rib plus a small axial 
compression component. 

In the stowed condition, corresponding to the launch 
configuration, tlx* ribs are folded and lorm a cage that 
contains Jbe mesh. The most se vere stress in the ribs 
daring the service environment is due to lateral bending 
induced by the vibratory launch loads. Thcrclorc. the 
ribs were designed lor launch and are stronger and stiller 
than required for tlx* deployed condition, i lii* resulted 
in a design that was somewhat sensitive to thermally 
induced length c hanges of the ribs 

For thermal insensitivity, ideal rib stillness would lx* 
designed lor the* deployed condition. Such design would 
|x*rinit elastic buckling due to the bowstring and spoke 
loads. \ny thermally induced ( lunges in rib length would 
be absorbed in the rib by a change in its bowed shape 
rather than hi increase in the rib axial load. Because the 
launch environment precluded this design goal, thermal 
effects had to lx* considered. 

\ parametri. study was made of various diameters, wall 
thicknesses, and materials for the ribs. Materials con- 
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vidm'il were aluminum tib« rglass, Kevlar/49 .mil graph 
Ite. The m.ilcri.il selected was a high modulus graphite 
rpoxs that li.ul the greatest stiffness and lightest weight 
for a given diameter and wall thickness In addition, the 
material closelx matched the coefficient of tlierm.il expan- 
sion of tile kevlar/49 bowstrings anil spokes and there- 
fore minimized thermal distortions The final rih chosen 
had an internal uiameter of 2.0 cm iO S in.) and a ss all of 
O.OM cm (0025 in.). 

The primar>' shortcomings of the graphite epoxy were 
greater lost, limited fabrication experience, and uncertain 
quality control Because of the variation in quality, all the 
ribs received were tested at conditions more severe than 
those experienced on deployment. While in deployment, 
the spoke and boss string loads were approximate^ St) \ 

1 2-lb) and 133 N (30-lb), respectfsely. This loading pro- 
duced a lateral bending deflection of about 2.3 i in if) 9 in.) 
in the rib Kach rib was tested \s ith a 13.3-N (30-lb 
s|mke load and 207 O N ffO-lb) boss string load in a fixture 
that simulated actual rb loading. I'nder these- conditions, 
the rib deflection was about 3.56 cm (1.4 in.) (Fig. 8). 
\pproximatels i f < of the ribs failed under these testing 
conditions. 

During initial nils measurements it ssas observed that 
rib bending led to deflections in excess of 5 1 cm l2 in.). 
In the process ol furling and unfurling the antenna, three 
ribs failed. These ribs were replaced and bowstring loads 
were reduced to limit the deflection to 2.5 cm (1.0 in.). 
Bio deflection ssas chosen as the measure of spoke or 
bowstring loads. During months ol subsequent operation 
and several deployments, no further failure occurred, 
blowing that 2.5-cm (1.0-in.) rib deflection ss as an accept- 
able configuration. 

D. Feed Support 

The main function ui the feed support structure is to 
position and support the line feed along the axis ol the 
conical reflector. It is also the backbone of tin- antenna, 
all oi <.r structural elements are attached to it. Launch 
environment loads imposed by the ribs and the line feet! 
and the minimization ol F blockage are the primary 
design criteria. 

The requirement ol minimum BF blockage exerted 
the greatest influence on the feed support configuration 
(Kef. 15). The feed sup|x>rt is in the BF path from the 
line feed to the conical reflector. In addition the closer 
an object is to the line feed, the larger the shadow- 
blockage) cast by that object on tin reflector. Therefore, 
the feed support structure must be located as far from 



Fig. 8. Deflection acceptance test criteria for 
graphite epoxy ribs 


the feed as possible, but is limited b\ the additional con- 
straint that the furled diameter be no greater than 1.5 m 

(59 in.) 

Two types of feed support structures were initially 
considered, an open truss or space frame structure and a 
conical shell structure. Study ol the two types showed 
that the anticipated BF blockage for the two structures 
was almut the same. However, an increase in feed support 
diameter resulted in less blockage tor the open tmss de 
sign than for the shell design l iable 3). This was of im- 
portance since the concept under development was being 
consider! -I for ext riipolat ion to larger antennas. 

The feed structure chosen was therefore a triangulated 
space f-ratiif consisting of three main longitudinal string- 
ers. transverse memtiers. and tensioned diagonals (Fig. 9). 
I ’poxs -impregnated Kevlar-49 was chosen as tin- material 
because of low thermal expansion coefficient. The tubes 
have an inside diametei of 5.1 cm (2 in. ) and a w all 0 6.35 
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Table 3. Companion of Rf blockage for two types of 
feed support structures 


Antenna 
diameter, 
in ( ft ) 

( <HH4 .ll llinilltttllM* 

>up|M>rt 


Space frame 
leed support 

Average 
nine wall 
tlih Liuis, 

iiiiii I in. ) 

(ame 
Mid k.i|ie. 

dlt 

Truss main 
Inlie wall. 

mm ( in. ) 

Truss 
IiIih kage. 

dH 

5 (16 4) 

0.6V5 111.025) 

0.5 

0.51 

(0020) 

0.5 

in ( 12 H) 

1 112 1 0 040 ) 

•07 

0 51 

(0.020) 

06 

15 (492) 

112 ( 0052) 

>1.0 

004 

(0.025) 

0.7 

20 (65 «) 

1 fill (0.001) 

>U 

0 89 

( 0.015 > 

0.9 




_l 


Fig. 10. RF loss vs thickness for fiberglass 
and Kevlar 49/epoxy 


min i<).()25 in. I (lin k. Kleetrical considerations also played 
a determining role. Testing indicated that III' losses 
throne’ll Kcvlar-49/cpo\y were small and equal to those 
ol filiergl *ss. another candidate material (Tig. It)). Be- 
cause ol its greater stillness. Kevlar- ld/epox> was pre- 
ferred lor the local Inn kliug critical stringers and Irans- 
verse inemhers. The resulting thinner members further 
enhanced HF |>erlorrn nice. 

Because ol the variation in quality in the Kevlar-49/ 
cpuxv composite, all ol the tubes used in the feed sup|Mirt 
were qualified by testing at 150' < ol design compressive 
load, \lthougli the test screening was done without eccen- 
tric loading, it was judged adequate lor detection of major 
flaws. 

The square bays formed h\ the stringers and cross 
members were stabilized with diagonal tension rods 4 mm 
t(). 157 in. in diameter. The rods were made of liherglass 
and were preloaded in tension hy turnhuckles at each 
corner ol the hay. Using the tensioned rods was de- 
pendent on devising a method ol fastening the rod to the 
threaded coupling ol the turnhiickle (Tig. II. 12). The 
method used consist, d ol slitting the end of the rod and 
cementing a fiberglass wedge in the slit This wedge then 



Fig. 11. Method of attaching tension rod diagonals to 
Fig. 9. Feed support structure turnbuckle coupling 


8 


JPL TECHNICAL REPORT 32 1604 






Fig. 12. Threaded coupling* and aluminum sleeves 

Ix-.irs against .1 similar internal shape in an aluminum 
sleeve when load is applied. 

The total III' blockage ol the feed support was cal- 
culated to Ik* 0 6 dh based on the work ii lief. 15 and on 
estimalctl additional losses due to melal assembly hard- 
wan* and thick sections used at load com nitration |>oints 

E. Hub Structure 

The following components arc mounted on and sup- 
ported from the huh structure. 

Inboard end ol rihs. 

Inhoard end ol bowstrings. 

Deployment mechanism. 

Inhoard edge of mesh reflector. 

In the stowed condition, the rihs arc hinged at the huh 
and folded parallel to the antenna Iron-sight Tins con- 
figuration establishes the outside diameter ol the huh. 
which is approximate!! equal to the maximum furled 
diameter of the antenna The huh structure is sup|M>rted 
at the same three |mints as the feed support structure so 
that the feed support structure loads are not fed through 
the Imh structure, hut directly to the sup|X>rting struc 
lure 1 spacecraft). 

The critical loading condition lor the huh strut tore re- 
sults from inertial loading of the r hs. the deployment 
mechanism, and the huh structure itself and is produced 
by the vibratory launch environment. These loads un- 
distributed uniformly around the periphery ol the huh. 
Since the ring is supported at three discrete |x>ints. the 


huh structure will not In- subfccted to lN-nding and torsion 
as .1 result ol Iced sup|Nirt structure loading. Thus, the 
Imh strut tun- takes the lurui ol a circular ring girder ol 
closed rectangular t toss set lion (Tigs IT 15 

The Imh structure was constructed entireh ol alumi- 
num as composite materials did not show any specific 
advantage lor this particular piece ol hardware. All 
gauges are heavier than required structural!! to facilitate 
fabrication, k Might structure could In- made consider- 
ably lighter. Because the structure is buckling critical, 
magnesium is 'd In- substituted lor aluminum with sub 
slant ial weight savings. 



Fig. 13. Overall view of teed structure/hub interlace 



Fig. 14 Close-up of hub structure ring girder detail 
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Fig. 15. Top view of hub ring girder 


MAIN REFLECTOR 



STRUCTURE 

Fig. 16a. Schematic diagram of rib deployment (partially 
deployed — solid lines; fully deployed — dashed lines) 


F. Deployment Mechanism 

The main (miction ni tin- deployment mechanism is to 
move the rihs from tin* lulled (stowed) position to the 
deployed (open position and link them in the deployed 
eonl ipir.it ion. 

The ipi.isist.itic loads, which the mechanism must over- 
come to efleet deployment, are friction and tension in 
the bowstrings, spokes, and mesh. The hinge end of the 
rih must lie moved somewhat past that position which 
places the rih parallel to the reflecting surface. The angle 
by which the travel of the hinge end of the rih exceeds the 
nominal travel requirement is called hinge end slope. This 
additional travel determines the tension in the forward 
spokes and the amount ol rih bowing. 

The mechanism designed to I nil ill these requirements 
is shown schematically in Tig. 16a. It is a four-liar linkage 
mechanism with the till. link, lrellcrank, and antenna huh 
structure forming the four elements of the mechanism. 
Driving the hell crank causes the rih to rotate about its 
hinge axis. With the rih fully deployed, the hellcrank and 
link are in line, producing an over-center action which 
locks the rih in the deployed position. 

The four-bar linkage is actuated by an electric motor 
and drive cable that produces an available torque at the 
rih hinge-line which is nearly ideal when compared to 


r— AVAILABLE TORQUE 
' r— REQUIRED TORQUE 





(-*■ MCTION 


FURLED 


i-» BOWSTHNG i-- 
1 TENSIONING 


DEPLOYED 


MECHANISM 
OVERTRAVEL 
AT HINGE END 

F ORWARD 
SPOKE 

TENSIONING 


RIB TRAVEL ANGLE 

Fig. 16b Deployment torque requirement compared to 
actuator torque available 


the Iriction and tension requirements (Fig. lfih). A reversi- 
ble actuator was chosen to allow turfing of the rihs as well 
as deployment. Twelve of the 60 rihs are driven from the 
single electric motor by means ol a system of cables, 
pulleys, and pushrods linked to the hellcrank. The re- 
maining 4H rihs are slaved to the motion of the 12 master 
rihs by means of blade-type flexures (Figs. IT and 18), 
Deployment is typically accomplished in approximately 
Ml sec. 

G. Mesh Development 

The Jet Propulsion Laboratory and Harris Corporation 
collaborated in the development of an advanced-state-of- 
the-art mesh lor application to this and future spacecraft 
antenna reflecting surfaces. The mesh is knitted from a 
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Fig i9 Silver pla'.ed beryllium copper wire mesh 
(17 x magnification) 


Fig. 17. Typical deployment link attachment to rib 


6 METER 
PUR LA BL E 
ANTEN NA 


ASSY 


Fig. 18. View of link, bellcrank, push rod assembly 

silver-plated Ix-r > Ilium copper w ire. I lie distinctive fea- 
tores of this new material are discussed helms as com- 
pared to the current state-of-the-art knitted mesh ma- 
terial i Refs. 9 and 21 

The desirable properties of an UK reflecting mesh can 
he enumerated .is follows: 

(1) Low cost. 

2) High R I* reflectivity. 


(3) Corrosion resistance. 
i4) Low weight. 

3* Low absorptiv ity/emissivity. 

(ft Run. snag, wrinkle resistance. 

(7) Biaxial compliance. 

(8 High strength, puncture resistance. 

(9) Low creep. 

10 Radiation resistance. 

Many of these pro|x>rties were optimized by selection of 
the pro|x-r material and fabrication tcchnii|Ue. 

The material is knitted from inonafilament silver-plated 
beryllium copper wire. The knit pattern is a two-bar. half- 
set warp knit fabric with diamond-shaped openings Figs. 
19 and 20 The pattern is more formally described by the 
knitting industry as: 

Front bar: /Id)/ 1-2/2-3/21/ 

Hack bar: Z2-3/2- 1/1-0/ 1-2/ 

The opening size is approximately 5 openings/cm mea- 
sured on the diagonal with tin- material stretched taut. 

The hers Ilium copper wire is plated with 99 9' . pure 
silver rather than gold to keep the mesh at a relatively low 
temperature. The silver produces a coating that is 4 'T by 
weight. This corresponds to a silver cladding nominal 
thickness of 0.OO03S mm '0000015 in Silver has a solar 
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Fig 20. Overall view of mesh knit pattern 


absnrptivity/cmissivity rat jo wliicli results in a mesli 
temperature ul It K) k (200*F) in Kartli orbit. (mid on the 
other liaml has a Ini'll ahsnrptiv ity/emissivity ratio which 
would yield a mesh tem|)erattire as high as 473 K (382* F). 

The wire core is 30'V hartl CIM alloy No. 172 with a 
((imposition of 97.8' r Cu, l.fKr Be. 0.2'V' Co. The finished 
wire diameter is 0.038 mm (0.0015 in. 1 The weight ol he 
silver-plated herylhum copper mesh is 0.30 N/ni (0.0075 
Ih/ft-'l. The weight ol the gold-plated chromel-H mesh is 
072 N/nr (0015 lh/lt ). Therefore, the silver plated wire 
represents a 509f weight saving lor tin main reflector 
mesh. 

I lie cost ol the silver-plated berylliums opper-l mished 
mesh is approximately $430/ m ($40/ft-); the cost ol the 
gold-plated chromel-B -finished mesh was a I tout $645/m 
$00/ ft Tlie cost ol the beryllium copper wire used for 
knitting is considerably less than the cost ol the chromel-H 


wire, and also the Iterv Ilium copper w ire is preplated with 
silver prior to the knitting operation; the mesh knitted 
from ehrnmcl It wire is gold plated after knitting. 

The HF reflectivity o| a knitted mesh material dc|>cnds 
on a number of factors. One of these factors "geometric 
reflectivity," is described by the gauge of the mesh (yam 
spacing) and the yam diameter. For high reflectivity, the 
mesh opening si/e must lie a small fraction of the KF 
wavelength at the operating frequency and the yarn 
diameter must be small compared to the mesh gauge. For 
(•iteration at X-hand (8.448 fill/. A = 35 mm), mesh ma- 
terials with an opening si/e of approximately 2 mm 
(0.08 in. i have performed well. 

(oven the proper geometry, low dc electrical resistance 
of the mesh is indicative of high HF reflectivity, l.ow 
resistivity depends on low resistance along the mesh con- 
ductors and low contact resistance at conductor junctions. 
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The lx-rv Ilium topper win- tore provides tin* low fire- 
trifill resist. thee along tile length ol tile wire while tile 
silver pl.it ini' provides low contact resistance .it wire 
junctions .1 1 it I tiih.inees ftiiiihirtioii along the wire 


spherit de gr.itl itinn would disap|x-ar However the sta- 
bility ol the HI-' relict tivitv oi this new silver-coated mesh 
remains an open ipiestion that requires atltlition.il re- 
search. 


The initial It I-' rellettivilv ol the mesh was measured hv 
plat ing small samples ol the mesh material hi a wave- 
guide. The results wi re good, \verage HF reflectivity 
losses were (1.02. IHU. anti 007 dH lor the 0 . TV anti 00- 
dt-g |xisitions. respectively These losses compare lavor 
alily to the 0.03- . 0 03 and 0.05-dll losses rc|x>rtcd in 
Hef. 21 lor the gold pi. iteil t hromel II usetl on tin- .Tfifl-m 
antenna. 

As a result ol initial HF system tests ol the whole 
antenna. it was loimd that the mesh surface HF rellec- 
tivity liatl degraded. This degratlalion was |>ro|>ortional 
to the time ol i-x|mxure to the atmosphere Further ex- 
amination ol the silver-coated lx-rv Ilium cop|x-r wire 
indicated surlace changes F'lcctrical resistance measure- 
ments showed tit-creased surface conductivity. Wave- 
guide tests showed that the surlace loss, less than 0.1 dH 
w hen new. was in excess ol 2.5 dH in some cases. 

Atmospheric corrosion ol the incsli was iountl to In- the 
cause ol the HF degradation. The commercial corrosion- 
mhihiting coating. Tarnahan. applied to the silver-coated 
mesh after knitting, at the time ol fabrication, was Inuiid 
to lx- inellectual in preventing corrosion, since the HF 
reflectivitv of the treated mesh was tumid to degrade 
unacceptahly after exposure to an industrial atmosphere 
lor a relativ elv short period ol time. It must lx- noted that 
the gold-platetl chroniel-H mesh previously used y Ht-1 . U 
was. on the contrary, virtuallv free Irom HF performance 
degratlation due to atmospheric corrosion. To resolve tlx- 
corrosion problem, several 2-in-diameter samples were 
taken from the antenna mesh. These samples were cleaned 
ami treated with a variety ol surface conditioners. Several 
treatments were effective in reducing the HF loss to 
approximately 0.1 dH A dilute phosphoric acid was se- 
lected as a practical but temporary iix. It was found that 
after about lour days ol atmospheric exposure, mesh 
treated with this solution did not have losses ol more 
thau an acceptable 0.2 cl If when measured in waveguide 
tests. 

Alternative solutions involving gold plating achieved 
tlx- same result in reducing HF loss but were estimated 
to be more costly in time and money, and would have 
defeated the reason for using silver in the first place. It 
should be noted that lor an actual spacecraft application, 
the antenna would be in a vacuum and the cause ol atmo- 


V. Structural Analysis 

The structural analysis accomplished in support ol the 
dt-sign ol tlx- anti itna was in two categories: (ll structural 
loads lor member sizing and i2> dynamic intxleling lor 
struftnrul/uotupilot interaction. The analysis used to 
determine member loads and sizes was based on expected 
launch lauds and utilized a linite element model ol the 
antenna structure in the lurletl (Ixxist) configuration (Fig. 
21). Another analysis was done lor the antenna structure 
in the cruise configuration in order to develop a mathe- 
matical model compatible lor structural/autopilot inter- 
action studies oi potential applications (Fig. 22). 
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Fig. 21. Finite element model ot 5-meter conical antenna 
in furled configuration 
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Fig 22. Finite element model of 5 meter conical antenna 
in deployed configuration 


A. Boost Config nation 

Tin- primarv sources of structural loading ol tin an- 
tenna are the launch and boost phases ot the service 
environment The structural design was intended to be 
compatible with Mariner-class spacecraft missions which 
utilize \tl.is/( Vntaur boosters. Therefore, design loading 
and qualification dynamic testing requirements were 
based on data obtained from previous Mariner programs. 

\s mentioned earlier, lor the boost eonfiguiatior. the 
basic load-carrying structure of the antenna is the line 
teed support truss. This part of the antenna sup|xirts the 
feed. ribs, and the entire hub including the deployment 
mechanism. \ finite element model was develop'd which 
was representative of a conventional truss stmeture and 
accounted tor the stiffness and mass distribution of the 
truss but only included lum|>ed mass representations of 
the ribs, feed, and hub structure ( Fig 23). The develop- 
ment of this model was done with the S\l’ IV computer 
program illefs. 22 and 23>. 

For the first iteration, member loads were based on 
quasistatic acceleration lo.ebng obtained from previous 



HID SUffORt 
STRUCTURl 


HNSION 
DIAGON IS 


Fig 23. Finite element model, conventional truss structure 
with lumped mass simulation of ribs, feed, and hub 


spacecraft •programs This was considered to he represen 
tative of worst-case loading for structures equal in mass to 
the antenna. The diagonals used for the truss structure are 
thin, elongated, flexible members and therefore can carry 
only tension loads (Fig 24' To avoid compression, they 
were preloaded such that under the maximum expected 
lateral truss loading neither of the diagonals in a hay was 
completely unloaded To account lor this preload condi- 
tion in the analysis, the truss was first analyzed with the 
diagonals reacting in tension and in compression to the 
applied lateral loading. Then, using this analysis result, 
the diagonals were preloaded in tension such that the 
same lateral loading did not produce am compression in 
the diagonal SiqN-rposition of the applied lateral loading 
and the static loading due to the pretension in the 
diagonals gave the resultant member loads that were used 
lor prelimmarx element sizing. 
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Fig. 24 Pteloaded tension diagonals 


Vest. tin- ii.itur.il frequencies ami mode shapes w«i- 
obtained willi (In- upgraded 1n.1di1i11.1tK.il model Tins 
data in conjunction with tin dynamic test levels required 
(nr tlic antenna, was used In nlituin (lie dynamo response 
loads Then a comparison w as made lietween the quasi- 
stalk member loads that were used for preliminary sizing 
and the dynainie response It ads that were equivalent to 
ipialiliealion test levels for the antenna structure This 
procedure was iterated m a traditional manner until |>osi 
live structural margins ol salcty for all load-carrying 
elements ol the antenna structure were ohtained (Fig 2 a >. 

B Cruise Configuration 

The finite element model de\ eloped lor the cruise con 
figuration ol the structure accounted for stillness and 
mass distribution ol the truss, tilts, and mesh Verification 
ol the model was an omplished w ith the results ol a modal 
survey lor the coni igur.it ioii analyzed (Fig. 2 (> 

Because ol tin inherent symmetry in the geometry ol 
• lie antenna structure, only hall ol the deployed structure 
was modeled lor the analysis Two sets of such analyses 
were carried out; one lor the antisymmetric and one lor 
the symmetric modes by applying appropriate boundary 
conditions along the plane ol sy mnietry . 

In order to evaluate the (tossiblc ellects ol coupling 
lietween modes ol the stretched rel lector mesh and modes 
involving the deployed ribs, a special-purpose program 
was developed since a conventional computer program 
such as S \P IN' does not have this capability. This pro- 
gram computed the frequencies and mode shapes ol the 
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Fig. 25. Structural analysis process 
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Fig. 26 Cruise configuration dynamic 
analysis process 


tensioned rnesli itselt During tin- development ul the 
special-pur|N>se program. a nt-w finite rleinent called 
"dynamic elements" was created. These elements allowed 
solution ol this t\ |x-of prolili m more effectively and with 
a fewer inmilier ot finite elements tli.i.i conventional ap- 
proaches. A saving in computation time hy a factor of 
I h- tween 5 and HI was realized, using dynamic elements 
hi lien of the usual finite elements. Kesults of the analysis 
indicated that the mesh frequencies were sufficiently 
separated from the basic structural modes to avoid 
coupling. A brief summary of the development is given in 
the Appendix. 

figure 27 is an isometric projection of half ol the 
deployed antenna discieti/.ed by the finite element tech- 
uirpie liars, (teams and membrane elements were used for 
the structural discretization. The SAP IV computer pro- 
gram was used for the final analysis. The geometric stiff- 
ness option was used to apply prestressing of the tension 
elements t how strings and s|tokes) before solution of the 
eigenproblem. 

Table 4 gives the numerical results ol such analysis 
along with the corresponding experimental data derived 
from the modal vibration tests mentioned in Section VI. 
In general, the results show excellent correlation. The test 
results corresponding to the first two calculated modes, 
which are shown within parentheses, refer to tin- first two 
computed natural frequencies ol the antenna in folded 
configuration. The contribution of the mesh reflector to 
the overall stiffness of the structure was found to bo 
minimal for this configuration. 


Table 4 List ol natural frequencies 
(deployed configuration) 
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Fig. 27. Discreti/ed model of half of deployed 
5-meter conical antenna 
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Verification III till' lll.itlir ll.itu-.il model ill till- cii'|>lll>t*«l 
.iiitriiu.i was Mitlinriit to accommoclatc stniitiir.il/. uto- 
pilut interaction analysis i( required lot .1 specific .ippli. .1 
linn ol tin- antenna. 

C. Thermal Considerations 

Two tlii rin.il deformation met Tiauisms would occur 
during a steady ilati cniisc mode ol .1 spacecraft (tearing 
a conical antenna: those due to solar input anil those due 
to IIT(> radiation. 

Sinn- most ol the time the antenna will Ire Mart 1 1 or 
Sun oriented and since these two directions nearl) coln- 
ide as \ iewed Irian the outer planets. tut It as Saturn, the 
solar input can he assumed approximate!) along the 
antenna axis and symmetrical on the front face. Solar Hus 
filtered through the mesh will heat all the rihs unilomilv 
and .ins deformation occurring will lie axially synimi trie 
These deform. itious can In- controlled h\ the length ol the 
antenna spokes. 

Flight programs current I) under stmls lor outer-planet 
missions configure the II I ( i in hack ol the antenna cone 
at a distance Ironi the spacecraft hus. This will cause an 
1 msymmetri 1 .il heat input xvhieh may distort the rilis 
( loses! to it. Using the Marincr/Jupiter Saturn 1M7T space- 
craft coiiligiiration to represent the relative li cat ions ol 
the antenna and RTfJ. a (irst ..pp.oximation ol rih heating 
was obtained In assuming a |xiint source of 8100 watts at 
a distance ol 2 meters from the center of the nh and at an 
angle ol approximately 43 deg Irom the vertical to the 
surface 1 Fig. 2Si. 

For a location near Saturn th mesh forming the cone 
surface, made from silver-coated wire, would stabilize at 
approximately inti k. the eipiilihrium temperature due to 
the solar energy Mux Superimposing tin- S100-W iinsym 
metric ItTt ; radiation heating would lot ally raise the 
mesh temperature to lot k while the opposite side ol the 
dish. Iiecausc ol shading and a near zero view factor, 
would remain at UNI k Thus, going around the antenna 
surface, the maximum temperature difference is 51 k xvith 
an approximately linear temperature distribution. Since 
the bowstrings are in contact with the mesh, tin v would 
l>e approximately the same temperature. The spokes, 
however, would increase m temperature to 112 lift k 

The rih eipiilihrium temperature at Saturn distances 
as obtained by applying an OS lilter factor to the local 
solar intensity was calculated to In- about 95 k The vari- 



Ftg. 28 Mariner /Jupiter Saturn 1977 spacecraft configuration 
with deployed S meter conical antenna 


unce in nh t.'iup' .tore would In- about 51 k as in the 
case ol the antenna surface, lor a maximum ol NT k. 

Thermal distortion was examined as a Inin lion ol struc - 
tural material. Vs an example, alisorption ol (he infrared 
energy on one side ol an aluminum rib would cause bend 
ing in an are convex toward the heat source and with it a 
reduction ol the length distance Irctwccn end |Miints ol 
the riln. This bending varies Inversely as the thermal 
conductance around the tulic. In the case ol a high 
thermal conduct nice ol the rib material, uniform distri 
button around the tube ol the absorbed lit energy would 
expand the rib but not bend it. (iraphile epoxy ribs have 
a low thermal conductivity , but they c an lie fabricated in 
a form in w Inch the elleeliv c coefficient ul thermal expan 
sum is very nearly zero. This pro|rcrty eliminates (lending 
clue to thermal gradients in the ribs and thus minimizes 
thermal distortion 

Overall thermal distortion ol the antenna struc ture can 
lie expressed in terms ol < lianges ol member length and 111 
the conical reflector half-angle, nommallv ft5 deg Two 
classes ol contributions were considered 1 Table 5 1 

I Shrinkage ol the whole structure due to transfer of 
the antenna from an Karth environment to a Saturn 
space location. 

,2 Differential angular changes of the two sides of the 
c one due to unsy mmetrical HK. heating 
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Table 5 Overall antenna thermal distortion 
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Tin total change ot tlic min- hall angle is thru alxiut 
— (I HOT deg a on. ill closing motion ol tin- antenna (tun*. 
It is tMili-M ortli\ that most ol tin- tiu-imal ilistort inn> com 
|h iisati- t-ai-li other. i-%|n-« ially tin- common shrinking "I 
tin- h-i-il \ii|i|mtt .mil spokes, resulting ill a small m-t angle 
change, even t In muli large ten i|n-rat urt- t h.ingcx iK-t-nr 
during planetary transh-r. In tin- vk-inity ol Saturn, the 
in ins i nn nt r ii Die heating causes approximately two anil 
a hall times tin- ilistortion line to planetary transler. 


VI. Antenna Test Program 

The hirlahli- antenna test program was inti-nih-il to 
evaluate and ili-mnnstrate tin- mechanical. striutur.il, and 
III' tiuiition.il pro|M*rties ol the flight-type hardware. Tin- 
test program was initiated with reflector surface measure- 
ment and adjustment and was lollowed In multiple furl- 
ing and unfurling ol the rihs to determini the repeat- 
uhilily ol tin reflecting surface ipiality. The next phase 

was an III' range test at So (.11/ -asure the III gain 

patterns and overall operating efficiency. Structural evalu 
ation ol tin antenna was aecoinplished liy a modal vibra- 
tion lest to verify the finite element mathematical model 
of the antenna hardware. The modal test was accom- 
plished lor both the boost and i rinse configurations. 
Natural frequencies and mode sh.i|>es were obtained for 
the line feed sup|tort structure and the antenna reflector 
sup|mrt structure. 

A. Surface Evaluation 

Because the antenna It I*’ performance is strongl) influ- 
enced bv the accuracs ol the reflecting surface, it is 
necessary to know the surface at curacy ol the conical 
reflector so that giin loss can lie estimated. It is also de- 
sirable to make the surface measurement with the antenna 
in the same position or attitude as lor the HF test 

At the JIM, antenna test range. HI-' testing was per- 
formed with the axis it the antenna hori/.outal. This re- 


sulted in an urns mmelrical gravity In-Id on the rcllt-cting 
surface applied perpi udii ular to its axis ol symmetry 
This gras its load caused tin- reflecting surface uInivc the 
aiiteiina axis to defied toward tin- antenna axis. The 
relleetiug surface Im'Ioss the antenna axis deflected away 
liom tin- antenna axis To include these effects, the stir* 
lace deviation ol the conical mesh reflector was measured 
with the cone axis hon/ontal as it ssould In- during III-' 
testing 

The teclmiipie used to measure the deviation of the 
mesh conical surface- is similar to that of lief. M and is 
inchi ateil in Fig 2*» The tubular triangular sup|N>rt truss 
proxided the interface In- tween a handling fixture and a 
In-aring plate attached to the three antenna sup|M>rt 
points \ precision track, parallel to the thcon-T ally 






Fig. 29. Surface e-aluatian test setup in horizontal position 
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iuiiK.il Kirlw, w ill .ill. tt lii'd In .1 ri>t.«ln»u ring 
.mil grm'Mlnl .III "iilr.il mnir.il uiriut' xxhcn rotated 
.•ImhiI (In- antenna .ix n \ micrometer In -ad wax attached 

10 .1 r.uli.illv movable im Mint on tin- lr.uk Thus .m\ point 
mi tin ri-flrtior mrlacv mulil In- mniiurixl liy rol.il imi of 
tin- Ir.u k .mil radial inovriiM-tit ol tin- iiiirniinrlrr. The 
flexibility ill lli«- mesh presented .• prolili'in In sensing 
xxlirrr tin- micrometer tor,, hid tlic mesh To sense the 

1 1 ml. 11 1 slum Imi iliv * l« mm i(Xi2 in. 1 in ili.iinrtrr. wrre 
•ill. u linl lu lln- mesh Tin- piisiliun ul tin- mesh surface 
win established w lirn tin- inkrumetcr spindle lip ap|>eared 
In (iixt tin 11 1 1 its reflection in tlu- shiny disc. 

To .mini lln olix ions inti 1 In i'i n r ul llir s|mkrx ,nnl 
h.mstrmgs .mil In miniini/i* rusts, llir evaluation uf llir 
inrsli surf " xx .is .u cninplished Iruin llir rear, .is opposed 
In llir rxalu.ilHHi ul Hef. It which XX' .is (lllllf Iruin tin 
Irmit I In rr.ir surface trclmkpie xxas imirr ililf icult As 
.111 example llir inrsli siirl.irr .ippruxim.itrs a conical 
reflector I ix forming .1 flO-sided px r mini ir OH panels 
.iiul fit! nits \ Imr mis measurement would in< Imlr the 
x. 1 l 1 irs. 1 l tile ( rutrrlllii .nisi edge ul r.irll panel llmxrxer 
im measurements xvrrr in.ulr xxithm AOS nn 2 in.) ul a 
panel corner Ixvausc ul rih uitrrfrrrnce. Tins interfer- 
ence n 'suited in a mure limited sampling ul measuring 
I mints |'ixe measuring |minls pri panel were rslaltlislird 
l it; III). Ii .id u iu In a tul.d ul 100 iiM'asiirrmenls lur llir 
entire rellertur. 


Tin- rius value ul ‘lie siirtaee deviatiun A xx.is cumpuled 
I IX 


A 


/ Jl (». - *)« 

V n 



xx here 



Fig. 30 Measurement points on typical mesh panel ot 
5 meter conical antenna 


B. RF Test Range 

\ series ul III' tests were made ul. tin alileiilia at llir 
| I’I test range l it; II \nteima amplitude pattern 
pi MM', and gain xxerr measured xxitli llir aid uf an illu- 
mil atiuii antrnna and transmitter lli.it xxerr located 
IIMNi in 1 3300 It diixviirange rum (lie anlrima. l lir illuini 
natiun antenna li.ul a narruxx bandwidth lu iiiinimi/e llir 
elfrclx ul ground reflections. 'llir 5-metrr anlrima xxas 
uiuunted mi a rotating fixture lu .Kvuiiimudalr the bore 
siglll angle ell. limes leipiired tu iinplenieiit tile III range 
lest Variat um ol a/ii.iith tu change tin iMin-siglit angle 
ul .e atileiina xxliile holding constant clexation provided 
tin' pallerns xxliile alisulute gain xxas olitainrd I »x com- 
p.irisun xxilh tin- gain uf a standard calibrated antenna 
located adjacent tu tin- conical antenna. 


A — measured dexiatkms ul the surface from the rotat- 
ing track 

11 — nimilicr ol iiieasureiiieiits 

Based un the .'ft It I iiieasnreini ills, the A of the relict tor xx.is 
computed to In- (Mil iiiiii (0.024 in rm*. This is to In 
compared to the computed surlact* accuracy ul a thru 
retieallx pi rlnt fiO-snled pyramid. 0.43 mm (0.017 in. 
mix. Iluxxrxrr. a port km ul the difference Intxveen the 
actual and theoretical can lie attributed to tolerances in 
the rotating tr.u k mechanism and eccentricity of the 
hearing plate estimated at i) 10 min • 0.004 in. 


To present xx ind-indticcd deformation ui the antenna 
reflecting surface during HI-' test, an inflatable radnmc 
xx as used tu provide a protection shield around the an- 
tenna Fig 12 I'ht* radome was made ol dacron material 
nit and sewed into tin- required geometric dome sh.i|v- 
Stillness xx.is obtained by air pressure. HI - ’ testing of the 
*> meter antenna xxitli and without the radutne un .1 xerx 
calm day indicated that the 111 loss associated xxith the 
dacron xxas less than O.IOdH. 

Tin mesh corrosion problems previously mentioned 
necessitated th implementation uf a largi cries of 111 
tests These Hf range tests xxrrc repeat'd ,;ter several 
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Fig. 31. RF test range lor 5 m conical antenna 
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Fig. 32. RF testing ol 5-meter conicai antenna equipped with 
inflatable dacron radome 


attempt* tu chemically remove tin- iiirrmion from the 
mesh until tin- electrical |H-rlonnaiK-e was considered to 
In- optimum lor tin- deteriorated condition ol tin- mesh. 
Tin- ln-st KF pcrlormar.; •• was lb.77 dB at S5 Gil/ lor 
an overall efficient's of tin- input to the line source feed 
ol 53.0%. It is anticipated that tin- design goal ol 55% 
efficiency could have been exceeded had tin- nu-sh HI-' 
reflectivity remained good, since tin- small surface devia- 
tion ol tin- reflector was commensurate with a high- 
|jcrformanee liirlahli- antenna. 

C. Modal Test 

‘tin- objective ol tin- modal test was to identity natura 1 
frequencies and measure the associa*-. d mode shapes for 
comparison with the properties of the structural mathe- 
matical model ol tin- antenna. The antenna structure was 
< antileser mounted at its liase lor lioth the lurleil and 
deployed test configuration (Fig-.. 33 and 3-t). 

Sinusoidal excitation was provided by electromagnetic 
shakers that utilized scry small armature masses to mini- 
mize their effect on the frequency and mode shapes of 
the test structure. \ total of six shakers operating at the 
same frequent s and exactly in phase or out of phase with 
respect to each other were used to adequately excite the 
modes. Dynamic inode shapes were measured with the 
use til pie/' --lectric accelerometers. Accelerometers were 
permamntly mounted on structure not easily accessible 
during the test, such is the line feed support structure. 


1 


3 

■; is i'OCa 
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Fig. 35. Measurement of rib tip motion with 
portable accelerometer 


Fig. 33. Modal test setup for 5 meter conical anteni.a. 
furled configuration 

Mllorw isc. d\ ii. iiiiii unit im. n\ .is iiii asured w it li .i portable 
accelerometer. i* g , motion of the deployed rib tips 

Fig. 35 

The lowest frequents mode of the deployed structure 
was first torsion, at S.O II/. The ribs accounted lor essen- 
tialb all of tbe motion while tlic line feed sup|)ort struc- 
ture amplin.de was Inn low to be n.. .. tired. The ribs de- 
formed in (lending, similar to a series of cantilever 
beams attached to each other b* ‘lie mesh, symmetrically 
about the antenna axis The Inn .amental bending modes 
of the line feed support structure. 23.5 and 23.7 II/. 
respectively, for the unfu.led configuration were easv to 
excite and isolate with Inno shakers. These modes were 
similar in shape to the first cantilever mode ol a uniform 
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Fig. 36. Fundamental mode of feed support structure, 
bending at 23.7 Hz 


Ixxun (Fig. 3fil. However, tin- second Ix-nding mode. 
37.1 II/. required tin- use ol four shakers. Again, this mode 
was somew hat equivalent to the second inode of a canti- 
levered Iteam. The (irst elastic mode ol the reflector 
structure. 50.9 11/ required ewitation of the line feed 
sup|Mirt structure and the tips of several ribs However, 
the rihs and .esh accounted for the maximum dynamic 
displacement, while the line feed support structure liarely 
participated in the mode. The deflected shape ol the rihs 
and mesh (Figure 37 1 was similai to a fundamental classi- 
cal circular plate mode where the edges rock about an 
axis of symmetry. 

Estimates of structural damping for each mode mapped 
were determined from acceleration decay traces that were 
obtained by terminating forced response and recording 
the accelerometer output. These damping values varied 
from 0.008 to 0.0015. See Table f for a summary of test 
results. 


Fig. 37. Fundamental reflector mode, classical circular 
plate edges rocking at 50.9 Hr 


VII. Assessment of Antenna Program Results 

The experience derived from the concept and hardware 
development program has led to certain conchtsion® and 
opinions as to how the 5-meter antenna compares to statc- 
of-t lie-art furlahle antenna technology. 

The 5-meter antenna has several advantages when com- 
pared to other furlahle antennas that have either been 
built and tested or have been built, evaluated and Mown 
as part of flight projects. The cost of fabrication and 
surface adjustment of the conical antenna is considerably 
less Ih-c.iusc- high-tolerance parts are not required and 
surface adjustment after assembly is simple and quick to 
accomplish. The surface tolerance of the 5-meter ant. nna 
is alxiut as giMxl as any other antenna design that has 
been demonstrated by flight-type hardware. The deployed 
natural frequencies are so high that structural/autopilot 
coupling would not lx- a problem for virtually any flight 
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applications. Additionally tin- slnnliir.il sliilin ss It. tiling 
to tin- Ini'll natural frequencies would allow moderate 
scanning rafts without significant deformation oi the 
reflecting surface Tlie basic configuration of the conical 
antenna, along with the materials used for construction, 
results in an excellent thermal design. Because of the 
relative insensitivity of the reflecting surface to small 
changes in bowstring tension, overall temperature 
changes, and thermal gradients, reflector surface dis- 
tortions are very mall. ( )thcr concepts that are dependent 
on purely cantilevered rib configurations are much more 
sensitive to icm|M-raturc changes and gradients. 

Limitations associated with the conical antenna as com- 
pared to state-of-the-art designs include single-frequency 
operation for the line source feed, antenna weight, and 
mechanical packaging efficiency. Current technology 
limits the use of the line source feed to only one frequency 
for efficient o|ieratiou. Dual-frequency operation of the 
line source feed has been demonstrated, i.c., S- and X- 
band, but with significantly reduced HF efficiency. The 
5-meter antenna is heavier than most other designs, but 
for a flight application the weight could be reduced by 
optimizing fittings and member sizes to be compatible 
with some of the other furlable antennas. The mechanical 
packaging ol the 5 meter antenna is limited by tin 1 length 
of the ribs, line source feed, and the diameter of the line 
feed support structure. Its packaging efficiency is roughly 
equivalent to other furlable antennas with folding ribs 
but considerably less than designs utilizing wrap ribs or 
truss members. 

Current deep space mission studies at Jl’l. have con- 
sidered the use of single-frequency high data-rate an- 
tennas o|M*rating at X-band. For applications of this type 
for the 5-meter antenna, only minor changes to the design 
would be required. These would include simplification of 
the deployment mechanism, reduction of weight by about 
25 r r. and a surface treatment or coating to the reflector 
mesh to eliminate tin* corrosion problem. 

\ii overall assessment of the 5-meter antenna indicates 
that the advantages of the design demons*. ated warrants 
further development of the line sourc- feed for a dual- 
frequency' capability . 


VIII. Results and Conclusions 

Tin- concept of a flight-type conical reflector antenna 
with a line source feed was functionally demonstrated. 


The design criteria established for the antenna were 
closely matched as indicated in Table 6. 

In addition to successfully meeting these criteria, the 
following results are noteworthy: 

1) Automated deployment and furling with controlled 
rates was achieved. 

i2) The application of structural composites to obtain 
high stillness to-weight. thermal stability, and Bi- 
transparency was demonstrated. 

<3) New structural analysis capability applicable to 
other types of antennas was developed. 

1 4 1 The corrosion problems associated with the silver- 
plated bery llium copper mesh probably accounted 
for the degraded Bb |*erfonnance. A solution to the 
mesh corrosion problem was developed, lamg-range 
solutions remain to be found. 

In conclusion, a very large amount of experience was 
gained through the development of the 5-metcr antenna. 
This experience is directly applicable to other, current 
JIM. antenna development programs 


Table 6 Comparison ol design criteria with actual results 


Design condition 

Criteria 

Actual 

Physical 



burled diameter 

1.5 m 

1 .5 m 

1 orli-d length 

4 hi 

4 in 

Deployed diameter 

5 hi 

5 in 

Mass 

17 kg 

•32 kg 

Surface tolerance 

II Hi mill rim 

<161 mm mis 

Feed alignment 

♦r 0.2 cm 
( Translational I 
dill radian 


Electrical 

Frequency 

X-liand 

VI >and l 8 Ghr 1 

Operating efficiency 

55% 

531! 

Gain 

49.8 ilR 

49.77 dH 

Feed 

Line source 

Line source 

Environmental 

Structural loads 

Launch/deployrnrnt 

Confirmed liy 
analysis and test 

Natural frequency 

• II | 11/ deploy < d 

NO 11/ 


> 12 Hr. furled 

2.5.5 11/ 

Thermal 

VI to 367 k 

Confirmed by 
analysis 
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Appendix 

Development of the Finite Dynamic Element Method 


During llic modeling of tin- antenna mesh reflector it 
vv .is noted th.it thr conventional linite element modeling 
woiilil yield a rather large niunlier of algebraic equations, 
resulting in a rather exjjensive eigcnproblcm solution 
process The concept of the newly developed dynamic 
element mcthtid il)KM was tlevelopetl in the search for 
an alternative, economical procedure for structural dis- 
cretization. The capability now exists to efficiently and 
economically determine the dynamic properties of mem- 
brane structural elements that are characterized by 
lateral natural frequencies varying as a function of in- 
plane stress. In addition the concept of dy namic elements 
can be readilv extended to other finite elements such as 
the plate bending and shell elements. This would facilitati 
dynamic solution w ith improved accuracy and a reduced 
number of finite elements as compared to conventional 
approaches. 

The finite element method is characterized by the 
fundamental relationship 

u = aU ( A - 1 ) 

which defines the continuous displacement vector within 
an element in terms of its unknown nodal displacement 
parameters. This relationship is only valid for static load- 
ing. since for free and forced harmonic motion a is not 
only a function of instantaneous element nodal displace- 
ments hut also of the frequency ... of such motion, the 
resulting stiffness and inertia matrices are then obtained 
as functions of . >. The extraction of roots Iron) the initially 
unknown frequency -dependent matrices is prohibitively 
expensive lor most practical problems. Thus the matrix a 
is expressed in series form in ascending powers of 

X 

a = ^ <u r a, (A-2) 

when the stiffness and inertia matrices are obtained as 
follows: 

K = K + ...-'K,. + ...‘K, + • • • • (A-3) 

\l = M + W -»- .‘M, + (A 4) 


which results in the equation of motion 

K M k M - K, i lq = O 

(A -51 

q being the amplitudes of U. and Nl k the static inertia 
and stiffness matrices, while the higher-order terms con- 
stitute the dynamic corrections. L'sual free vibration 
analysis of structures involves the static matrices only, the 
procedure being identified as the well-known finite 
element method 1 1 I'M). 

The equation of motion for such a case is given by 

M„q + K q = () (A-6( 

xx Inch results in the usual eigenvalue problem 

(k - i. M.lq - O (A-7) 

when it may he recognized a*, a special case of the more 
general eigenvalue problem defined by Eq. (A-5). Inclu- 
sion of the dynamic correction terms results in the quad- 
ratic m.itric eigenvalue problem (Kq. A-5). the solution n! 
which effects most significant improvements in root con- 
vergence' (Kefs. 21 and 25 1 The procedure is termed the 
dynamic element method (Kef. 2fi) and such dynamic- 
correction matrices have been developed for a rectangular 
membrane element (fig. A ll. Figures A-2 and A-3 
present the relative efficiency of the FFM and DEM 
techniques when it may be observed that the DF.M solu- 
tion is about an order of magnitude faster than the usual 
I'FM analysis. Full details of this new development are 
given in Kef. 26. 





O 


Fig A-l. Rectangular membrane element 
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ERROR IN FREQUENCY 



Fig. A 2. Comparison of convergence characteristics of 
FEM and OEM 



Fig. A-3. Comparison of computational effort tor 
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